Class II major histocompatibility complex (MHC-II) proteins govern stimulation of adaptive immunity by presenting antigenic peptides to CD4þ T lymphocytes. Many allelic variants of MHC-II exist with implications in peptide presentation and immunity; thus, highthroughput experimental tools for rapid and quantitative analysis of peptide binding to MHC-II are needed. Here, we present an expression system wherein peptide and MHC-II are codisplayed on the surface of yeast in an intracellular association-dependent manner and assayed by flow cytometry. Accordingly, the relative binding of different peptides and/or MHC-II variants can be assayed by genetically manipulating either partner, enabling the application of directed evolution approaches for high-throughput characterization or engineering. We demonstrate the application of this tool to map the side-chain preference for peptides binding to HLA-DR1 and to evolve novel HLA-DR1 mutants with altered peptide-binding specificity.
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yeast display | MHC peptide-binding interactions | MHC engineering | anchor specificity | directed evolution C lass II major histocompatibility complex (MHC-II)-restricted T cell responses are related to a great number of diseases including autoimmunity, graft rejection, and atypical immune response. MHC-II proteins are heterodimeric transmembrane proteins consisting of α and β chains containing two domains each (1) , and these proteins capture antigenic peptides processed inside professional antigen-presenting cells (APCs) and present them on the APC surface for recognition by CD4þ T cells to initiate adaptive immunity (2, 3) . The peptide-binding sites of MHC-II formed by the α1 and β1 domains contain several pockets that prefer to accommodate specific side chains of "anchor" residues on peptide antigens (4, 5) . Thus, MHC-II are semipromiscuous binders capable of presenting numerous different peptides, but anchor pockets constrain the milieu of peptides presented by a given MHC-II. In depth characterization of peptide binding by MHC-II is therefore critical to understanding issues in vaccine design (6) , autoimmune disease (7), infectious disease progression (8) , and transplantation rejection (9, 10) , but the lack of a rapid, efficient, robust, and quantitative methodology for characterizing the peptide-binding specificity and promiscuity of MHC alleles remains a bottleneck.
MHCs are the most polymorphic glycoproteins known in nature (11) , and many polymorphisms impact peptide recognition; thus, investigation of peptide-binding properties of MHC-II is a challenging problem that requires high-throughput approaches. A number of studies have assessed peptide-binding to MHC-II on the surface of intact APCs (12, 13) , whereas a routinely used in vitro approach entails purifying soluble recombinant MHC-II molecules from different expressing systems such as B cell lines (14) , insect cells (15, 16) , yeast (17) , or Escherichia coli (18) (19) (20) and then characterizing binding of these molecules to different peptides generated either chemically by solid phase synthesis or genetically by phage display (4, 21) . The labor-intensive preparation of soluble proteins, lengthy binding assays, or nonquantitative data generated (e.g., peptide abundance) limits the efficiency and throughput of these methods for mapping MHC-II binding specificities across the large number of existing alleles. Alternatively, surface display technologies commonly used for directed evolution could be applied to express MHC-II alleles for peptide-binding assays on the cell surface. As a single-cell eukaryotic system presenting advantages of simple molecular cloning and eukaryotic posttranslational modification for protein expression (22) , yeast serves as a powerful platform for development of such an approach.
Here, we report a quantitative, high-throughput methodology, yeast codisplay ( Fig. 1) , for characterizing and engineering peptide-binding specificity of MHC-II. As a model system, the extracellular domains of the MHC-II human leukocyte antigen HLA-DR1 were expressed as a secreted heterodimer in Saccharomyces cerevisiae. Simultaneously, an antigenic peptide known to bind to HLA-DR1 was surface-displayed. Intracellular binding between the MHC-II and the peptide antigen thus anchored the soluble MHC-II to the cell surface upon secretion, allowing detection by immunofluorescence. The relative abundance of MHC-II compared to peptide on the cell surface depended on the strength of binding between these species, as assessed by studies of a panel of peptides mutated at a key anchor position governing interactions with HLA-DR1. Furthermore, HLA-DR1 mutants binding to peptides not recognized by wild-type HLA-DR1 were isolated from a combinatorial library, demonstrating the potential of this system for engineering MHC-II antigen presentation. A unique hyper-promiscuous MHC-II mutant was discovered with this tool. This method thus presents intriguing potential to impact the understanding of MHC-II/peptide recognition and related therapeutic applications benefiting from alterations in antigen presentation, such as mapping peptide specificity of MHC-II alleles (23) , identification of small molecule agents that stabilize presentation of specific peptides (24) , and construction of artificial antigen-presenting cells for immunotherapy (25) .
Results
Peptide-Binding-Dependent Cell Surface Display of HLA-DR1. To verify that wild-type MHC-II heterodimers can be expressed in a functional form competent for binding to soluble peptides, the extracellular domain of HLA-DR1 both with and without a covalently fused antigen peptide was surface displayed by fusion to the N-terminus of the endogenous yeast adhesion receptor subunit Aga2p, as described previously for HLA-DR4 (with peptide linked to the β chain N-terminus) (26) and for other MHC-II proteins using a single-chain format and fusion to the C-terminus of Aga2p (27, 28) . The antigen used in these studies is a 13 amino acid peptide (designated FLU) from a naturally HLA-DR1-presented fragment of influenza hemagglutinin (HA306-318), a well-studied peptide known to bind tightly to HLA-DR1 (5). Gene constructs directing expression of noncovalent extracellular domain heterodimers were transformed into yeast strain EBY100, and the surface display of peptide-fused or "empty" HLA-DR1 was assessed by simultaneous immunofluorescent labeling with anti-HLA-DRα antibody and antibodies specific for the HA epitope tag included at the Aga2p C-terminus (Fig. 2) . The expression level of FLU-fused HLA-DR1 ( Fig. 2A, ii) is significantly higher than that of the empty form ( Fig. 2A, iii) , whereas the expression level of Aga2p in these two scaffolds are similar, as represented by anti-HA signals. Enhanced expression of peptide-fused HLA-DR1 suggests that specific peptides might stabilize MHC-II folding in yeast similarly to in natural APCs (3), whereas the majority of the empty HLA-DR1 fails to express (approximately 5-fold reduction in cellular fluorescence in Fig. 2A ), consistent with a prior study (28) and putatively due to degradation by the secretory quality control machinery (29) . To validate the functionality of the yeast-displayed empty HLA-DR1, yeast were incubated with synthetic biotinylated peptides and stained with streptavidin-PE before detection by flow cytometry (Fig. 2B) . Synthetic FLU peptide bound to HLA-DR1-displaying yeast, but not to a control strain displaying an irrelevant protein, whereas a control peptide derived from β 2 microglobulin demonstrated no binding to either yeast. Similar results were obtained whether binding proceeded in citrate buffer at pH 5.0 or several other buffers or growth media at pH 5.0-7.4 ( Fig. S1 ), in agreement with the demonstrated pH-independence of peptide recognition by HLA-DR1 (30) . Whereas these results validate the function of yeast-secreted MHC-II, the dynamic range of the peptide-binding signal obtained with surface-displayed HLA-DR1 is low, motivating further development of an approach to characterize binding to peptides across a range of affinities and to enable simple and economical combinatorial variation of peptides in a high-throughput approach.
The yeast display approach was modified such that the MHC-II and target peptide are expressed from separate yeast shuttle vectors. One vector directs expression of the peptide as a fusion to Aga2p, following the classical yeast surface display approach (22) . The second vector directs expression of both chains of the MHC-II heterodimer as separate cassettes from a bidirectional transcriptional promoter (Fig. 1) . MHC-II heterodimers that bind the Aga2p-fused target peptide are thus anchored to the cell surface via Aga2p, whereas MHC-II that do not bind the target peptide or bind instead to endogenous peptides present in the secretory pathway will be either secreted as soluble species or potentially degraded by the secretory quality control machinery, as suggested by our surface display results. Plasmids directing expression of HLA-DR1 or Aga2p-FLU were transformed into the S. cerevisiae strain EBY100 (22) . Yeast expressing combinations of these proteins were immunofluorescently costained to detect the level of FLU peptide and HLA-DR1 on the surface and analyzed by flow cytometry (Fig. 3) . Yeast expressing only the soluble HLA-DR1 ectodomain show no detectable staining, whereas those coexpressing soluble HLA-DR1 and surface-displayed FLU demonstrate correlated signals for both (Fig. 3A) . Based on the known peptide-binding motif of HLA-DR1 (21, 31), Ala was substituted for Tyr308 at the P1 major anchor position of the FLU peptide (peptide P1-Ala; PKAVKQNTLKLAT; see Fig. S2 ). As anticipated, this substitution abolished detectable HLA-DR1 on the cell surface (Fig. 3B) ; furthermore, treatment of yeast with reducing agents or Factor Xa protease, which respectively remove the surface-displayed Aga2p-FLU or FLU peptide (see Fig. 1 ), also abrogated surface display of HLA-DR1 (Fig. 3B) , confirming the specific anchoring of HLA-DR1 to the surface via interaction with FLU.
To extend the codisplay approach to library screening, the genotype-phenotype linkage between plasmids and displayed proteins must be maintained; therefore, experiments were performed to determine whether HLA-DR1: (i) bound to FLU intracellularly and was subsequently exported to the surface, (ii) was secreted empty into the culture medium (or with weakly bound endogenous peptides) and then bound to FLU, or (iii) a combination of these mechanisms. Separate yeast strains expressing surface-displayed FLU or soluble HLA-DR1 ectodomain were cocultured in equal numbers; in addition, yeast displaying FLU were incubated in conditioned medium from a culture of soluble HLA-DR1-expressing yeast. In both cases, no significant binding of HLA-DR1 to the surface of any yeast was observed (Fig. 3C) , indicating that resort- Fig. 1 . Design of the yeast codisplay system for HLA-DR1. Aga2p-fused FLU peptide (PKYVKQNTLKLAT) is expressed flanked by the HA and V5 epitope tags, enabling detection of peptide levels by immunofluorescent staining with antibodies specific for either tag. The HLA-DRα and HLA-DR1β chain extracellular domains are expressed from separate cassettes. The FLU peptide is anchored to the cell surface via native processing and secretion of the assembled a-agglutinin protein (composed of the Aga1p and Aga2p subunits) as described (22) , and the HLA-DR1 heterodimer is anchored by noncovalent binding to FLU. Relative fluorescence levels of different fluorophores coupled to antitag and anti-DR reagents indicate the level of saturation of available peptides by bound HLA-DR1. GPI: glycosylphosphatidylinositol. ing of secreted HLA-DR1 between different cells in the same culture fails to occur and suggesting that HLA-DR1/FLU binding occurs intracellularly within the secretory pathway.
Quantitative Mapping of HLA-DR1 P1 Anchor Specificity. An obvious application of the yeast codisplay system is to determine the binding motif of a given MHC-II allele or to predict promiscuous MHC-II ligands by characterizing the relative peptide binding of MHC-II proteins to various peptides. Because the binding motif of HLA-DR1 has been carefully studied, and P1 (Fig. S2) has been determined to be the dominant anchor (21), we focused on this peptide position to validate the ability of the yeast codisplay approach to quantitatively assess peptide side-chain preferences in the context of FLU. A set of yeast surface-linked FLU analogues containing all natural amino acids except Cys at the P1 position were coexpressed with the soluble HLA-DR1 ectodomain; levels of codisplayed HLA-DR1 were measured by flow cytometry (Fig. S3) and relative binding between HLA-DR1 and the peptide variants was calculated based on fluorescence intensity (Fig. 4 and Fig. S4) ; costaining of these yeast strains with antibodies specific for the HA and V5 epitopes flanking the surface-displayed peptides verified that levels of these epitopes were equivalent (Fig. S5) , indicating that mutations at the P1 residue did not influence display levels of full-length target peptides. Relative display levels of HLA-DR1 with the different peptides, presumably reflecting relative binding affinity between the MHC-II protein and peptide, follow the order Phe ≈ Tyr≈ Trp > Met > Leu ≈ Ile > Val, whereas all other amino acids tested yield very low binding to HLA-DR1. These results show striking agreement with binding preferences previously determined using quantitative in vitro peptide-binding assays (21) , qualitative phage display and bioinformatics methods (23, 31) , and structure-based computational prediction approaches (32) . Most importantly, the yeast codisplay method appears to demonstrate quantitative ability paralleling that of competitive binding assays with purified proteins and soluble peptides (21) while retaining the ease of rapid recombinant expression without component purification and compatibility with high-throughput screening approaches.
Engineering HLA-DR1 Specificity by Directed Evolution. In addition to enabling rapid characterization of binding specificities of MHC-II, the codisplay system also presents the potential for straightforward application of directed evolution methods to generate MHC-II mutants that bind and present altered antigenic epitopes for recognition by T cells. Such redesign of MHC-II specificity would provide further resources for structure-function studies aimed at understanding constraints on peptide presentation and the related issue of immunodominance. Furthermore, such molecules might find use with artificial APC approaches to T cell activation as a means to functionally present altered antigenic epitopes, considering the ability of different MHC-II alleles to present different antigens is linked to infectious disease susceptibility and resistance (33) .
Here, the codisplay system was applied to a combinatorial library of HLA-DR1 mutants to select molecules capable of binding tightly to several P1 variants of FLU. Six residues forming the HLA-DR1 pocket into which the P1 residue side chain extends were selected for saturation mutagenesis using degenerate PCR primers: Phe-α24, Ile-α31, Phe-α32, Gly-β86, Phe-β89, and Thr-β90 (Fig. S2 ). The resulting library was individually coexpressed with P1-mutated FLU target peptides P1-Val, P1-Ala, and P1-Glu, and mutants binding to these peptides were isolated by fluorescence-activated cell sorting. Binding motifs of a representative clone from each group were characterized (Fig. 5) , and the data demonstrate that the P1 anchor position amino acid specificity is substantially altered in each case. In particular, the P1-Glu-binding mutant S4E1.3 appears to be a promiscuous binder, and all three mutants exhibit markedly enhanced binding to those peptides for which they are specific (approximately 3-14-fold increased relative binding signals). Yeast expressing only the S4E1.3 mutant but no target peptide or coexpressing an irrelevant peptide display no MHC-II on the surface (Fig. S6) , confirming that S4E1.3 is anchored via interaction with the target peptides. Compared to wild-type HLA-DR1, the mutant selected for binding to P1-Val (S4V1.5) prefers the smaller hydrophobic P1 side chains of Val and Ile, but binds more tightly to peptides with any hydrophobic residue at P1 except Met (including wild-type FLU). The P1-Ala-binding mutant S4A1.9, on the other hand, shows greatly increased binding to all hydrophobic P1 residues with the exception of the Tyr present in wild-type FLU.
In all three clones, mutations occurred at P1 pocket positions designed in the library and at other positions presumably arising due to PCR-induced mutagenesis (Fig. 6 ). Both S4V1.5 and S4E1.3 contain mutations in both the α and β chains, highlighting the orthogonal nature of this in vitro directed evolution approach compared to natural evolution of MHC-II alleles, in which HLA-DR α chains are monomorphic. Furthermore, both polymorphic and nonpolymorphic positions in the β chain were mutated in these clones. These data suggest that the HLA-DR architecture is more tolerant to mutations than suggested by the existing database of natural HLA-DR molecules (11) .
Discussion
Understanding the binding specificities of MHC-II alleles is critical to applications from transplantation to vaccine design. Yeast codisplay adds an important experimental tool for quantitatively determining MHC-II antigen-binding motifs with the potential to enable assessment of anchor residue context-dependence, significant information currently absent in scoring algorithms predicting peptide binding (34) . Numerous MHC-II alleles could be examined for binding to specific target peptides via a library approach, or alternatively a single allele could be screened against a peptide library to rapidly identify binders using high-throughput sequencing technologies. Small libraries of important peptides could be codisplayed with MHC-II allele libraries, as well, to quickly assess the potential for antigen presentation. In any format, the high-throughput capability of yeast display and flow cytometry or FACS implies rapid and economical characterization is possible (e.g., assessment of target peptide binding by a library of MHC-II alleles could be accomplished in <3 weeks) and suggests the possibility of quantitative peptide-binding information databases at the level of the impact of individual MHC-II polymorphisms. The codisplay system demonstrates measurable and varying signals among the weak binders studied here and thus appears particularly suited for quantitatively characterizing naturally existing weak interactions (such as the P1-Val peptide studied here), an important addition to the dataset toward further mechanistic understanding of MHC-peptide recognition.
Unlike common surface display systems such as phage display (23, 31) , animal cell display (35) , baculovirus/insect cell display (36), or even classical yeast display (28) , which were developed for identification of T cell receptor ligands, the yeast codisplay method eliminates the limitations of expressing single-chain derivatives of multimeric proteins and covalently attaching MHC-II with peptides or other proteins. In the codisplay approach, MHC-II/peptide binding takes place intracellularly between nontethered species, better mimicking peptide loading of MHC-II in APCs (3), and yet yeast codisplay retains the advantage of creating a genotype-phenotype link for high-throughput screening and easy information retrieval. Adaptation of this approach for screening peptide libraries to identify T cell stimulatory ligands (28, 35, 36) should be straightforward. Furthermore, whereas we have focused on characterizing and engineering MHC-II/peptide recognition, the approach is amenable to extension to a host of other systems for quantitative characterization of protein-protein and proteinpeptide-binding specificities, complementing other methods for studying such interactions (37, 38) and broadening the impact of the method.
To our knowledge, in vitro engineering of HLA-DR1 peptide binding specificity has not been previously demonstrated; here we have shown that HLA-DR1 can be engineered to accommodate peptides with substantially altered P1 anchor side chains, including isolation of an unprecedented HLA-DR mutant showing nonspecific P1 anchor binding. Introduction of counterselection steps in the directed evolution scheme could potentiate tighter control of specificity and restrict binding promiscuity, if desired. Furthermore, our approach might be directly extended to other major peptide anchor positions (e.g., P4, P6, P7, and P9 for HLA-DR1), enabling custom design of MHC-II reagents with tailored antigen-binding specificities. A subset of such molecules retaining the ability to interact with HLA-DR1-restricted T cells could find use in engineered cellular or artificial antigen-presenting cell vaccines (6, 25) and could shed additional light on the limitations of Tcell antigen presentation. Furthermore, the methods demonstrated here could be simply adapted for facile quantitative screening of compound libraries to identify modulators of natural peptide antigen presentation (39) .
Materials and Methods
Expression of Functional HLA-DR1 Heterodimers by Classical Yeast Display. Plasmid pfluDR1 or pDR1 was constructed (SI Materials and Methods) and transformed into engineered S. cerevisiae strain EBY100 (a GAL1-AGA1: URA3 ura3-52 trp1 leu2Δ1 his3Δ200 pep4:HIS2 prb1Δ1.6R can1 GAL) (22) by electroporation using the MicroPulser Electroporation Apparatus (BioRad), for surface-displaying FLU-fused or empty HLA-DR1 using previously described method (26) . Yeast displaying empty HLA-DR1 were incubated with biotinylated FLU peptide or β 2 m peptide (derived from human β 2 microglobulin 52-64: SDLSFSKDWSFYL) (Abgent, Inc.) and stained by streptavidin-PE (Sigma-Aldrich) as described (SI Materials and Methods) for assessing the peptide-binding ability. (22) by double digest using KpnI and SacI and subcloned into KpnI/SacI partially digested yeast shuttle vector pRS315 (40) to create a yeast surface display plasmid with a LEU2 selectable marker. Vector ptFLU was constructed for displaying Aga2-FLU fusion by inserting an oligonucleotide encoding the 13-residue FLU peptide followed by a short spacer (GGGS) and the V5 epitope tag (GKPIPNPLLGLDST) in place of the scFv in pCT302. To create vector ptsDR1 for expressing the soluble HLA-DR1 ectodomain heterodimers, the plasmid pDR1 was modified by replacing the AGA2 and HA-tag sequences downstream of the DRB1*010101 gene with an in-frame stop codon. ptFLU (LEUþ) and ptsDR1 (TRPþ) were transformed into EBY100 (URAþ, trp−, leu−) by electroporation.
Preparation of Codisplaying Yeast for Flow Cytometry. Two mL SD-SCAA minimal medium (2% (wt∕vol) glucose, 0.67% (wt∕vol) yeast nitrogen base without amino acids, 0.062% (wt∕vol) Leu∕Trp∕Ura dropout supplement mixtures of amino acids (Clontech), 38 mM Na 2 HPO 4 , 62 mM NaH 2 PO 4 · 2H 2 O, pH 6.0) was inoculated by a single colony and incubated in a 30°C shaker until a density of 2.5-5.0 × 10 7 cells∕mL (an OD 600 of 2.5-5.0) was reached. To induce GAL1-10 promoted protein expression, 10 7 cells were collected by centrifugation and transferred to 2 mL SG-SCAA medium (glucose replaced by galactose). After 16-18 h induction at 30°C, approximately 10 6 cells per sample were harvested by centrifugation for immunofluorescent labeling. When protein stripping was desired, the induced cells were first washed with 400 μL Tris-buffered saline (137 mM NaCl, 20 mM Tris-Cl, pH 7.6) 1-2× and incubated either in 20 μL of reducing buffer [50 mM Tris-Cl pH 8.0, 1 mM DTT (Sigma; added just before use)] at 4°C for 24 h with gentle shaking or in 20 μL of Factor Xa buffer (100 mM NaCl, 2 mM CaCl 2 , 20 mM TrisCl, pH 8.0) with 20 μg∕mL Factor Xa protease (New England Biolabs) at 23°C for at least 48 h. Cells were pelleted and washed with 400 μL ice cold PBS þ 1% BSA at least once before primary labeling. Cell pellets were resuspended in 25 μL PBS þ 1% BSA with mouse anti-HLA-DR monoclonal antibody (mAb) L243 (1∶2.5 dilution; BD Biosciences) and rabbit anti-HA polyclonal antibody (1∶25; Sigma) and stained for 30 min at room temperature followed by 10 min on ice. After removal of primary reagents by centrifugation, cells were washed with ice cold PBS þ 1% BSA again and resuspended in 40 μL PBS þ 1% BSA containing highly cross-adsorbed secondary antibodies (Molecular Probes, Invitrogen): Alexa FLuor 647 goat antimouse IgG (H þ L) (1∶80) and Alexa FLuor 488 goat antirabbit IgG (H þ L (1∶80) for an 30 min incubation at room temperature followed by 10 min on ice. A final wash with ice cold PBS þ 1% BSA was applied before resuspending cells in 500-700 μL PBS þ 1% BSA for flow cytometry. For the simultaneous detection of HA-tag and V5-tag flanking FLU peptide, mouse anti-V5 mAb (Invitrogen) was used at a dilution of 1∶30 instead of the mAb L243 as the primary labeling reagent, whereas other labeling steps were unchanged.
Flow Cytometry and Quantitative Analysis for Relative Binding. At least 10,000 cell events, gated by forward and side scatter, were collected per sample. Flow cytometers used included Accuri C6 (Accuri Cytometers Inc.), FACSCalibur, FACSVantage, and LSR II (BD Biosciences). Flow cytometric data for a codisplaying yeast strain was analyzed (Fig. S4) Anchor Preference Assay via Yeast Codisplay. The key anchor position (i.e., P1) of FLU peptide for HLA-DR1 binding in plasmid ptFLU was first substituted to all natural amino acids except for Cys by site directed mutagenesis using the QuikChange II kit (Stratagene) following the manufacturer's recommended procedures. Yeast were transformed, cultured, induced for expression, and analyzed as described above to determine relative binding of MHC-II to each peptide variant.
Construction and Screening of HLA-DR1 Mutant Library. Polymerase chain reactions primed by two degenerate oligonucleotides enabled saturation mutagenesis for the six selected residues-α24, α31, α32, β86, β89, and β90, forming the P1 pocket of HLA-DR1 peptide-binding site (SI Materials and Methods). HLA-DR1-Mutant-expressing plasmids were generated by homologous recombination in yeast coexpressing target P1-variant of FLU peptide. The constructed library was cultured, labeled, sorted and characterized as described (SI Materials and Methods).
